The inflammasomes are intracellular complexes that have an important role in cytosolic innate immune sensing and pathogen defense. Inflammasome sensors detect a diversity of intracellular microbial ligands and endogenous danger signals and activate caspase-1, thus initiating maturation and release of the proinflammatory cytokines interleukin-1b and interleukin-18. These events, although crucial to the innate immune response, have also been linked to the pathology of several inflammatory and autoimmune disorders. The natural isothiocyanate sulforaphane, present in broccoli sprouts and available as a dietary supplement, has gained attention for its antioxidant, anti-inflammatory, and chemopreventive properties. We discovered that sulforaphane inhibits caspase-1 autoproteolytic activation and interleukin-1b maturation and secretion downstream of the nucleotide-binding oligomerization domain-like receptor leucine-rich repeat proteins NLRP1 and NLRP3, NLR family apoptosis inhibitory protein 5/NLR family caspase-1 recruitment domain-containing protein 4 (NAIP5/NLRC4), and absent in melanoma 2 (AIM2) inflammasome receptors. Sulforaphane does not inhibit the inflammasome by direct modification of active caspase-1 and its mechanism is not dependent on protein degradation by the proteasome or de novo protein synthesis. Furthermore, sulforaphane-mediated inhibition of the inflammasomes is independent of the transcription factor nuclear factor erythroid-derived 2-like factor 2 (Nrf2) and the antioxidant response-element pathway, to which many of the antioxidant and antiinflammatory effects of sulforaphane have been attributed. Sulforaphane was also found to inhibit cell recruitment to the peritoneum and interleukin-1b secretion in an in vivo peritonitis model of acute gout and to reverse NLRP1-mediated murine resistance to Bacillus anthracis spore infection. These findings demonstrate that sulforaphane inhibits the inflammasomes through a novel mechanism and contributes to our understanding of the beneficial effects of sulforaphane.
Introduction
The inflammasomes are large, cytosolic, multiprotein complexes that form in response to diverse intracellular microbial ligands and endogenous danger signals (reviewed in [1] ). Inflammasome activation follows signaling through a cytosolic sensor, which results in recruitment of the cysteine protease caspase-1 (formerly interleukin-1b-converting enzyme) to the inflammasome platform and its autoproteolytic or conformational activation. Activated caspase-1 initiates maturation and secretion of the proinflammatory cytokines IL-1b and IL-18 and, in some situations, induces pyroptosis, a rapid inflammatory cell death.
Several different NLRPs act as inflammasome receptors, each being activated through a different mechanism. For example, murine NLRP1b and rat NLRP1 are activated after cleavage of an N-terminal domain by the Bacillus anthracis LT protease [2, 3] . NLRP1 is also activated through an unknown mechanism by the parasite Toxoplasma gondii [4] [5] [6] . Direct binding by bacterial flagellin leads to activation of NAIP5/NLRC4 [7, 8] . NLRP3 is not known to engage in direct ligand binding but detects diverse activating "danger" signals, including potassium efflux, mitochondrial damage, ATP, and uric acid (reviewed in [1, 9] ). In addition to the NLR family of inflammasome sensors, absent in melanoma 2 activates the inflammasome in response to cytosolic double-stranded DNA [10] [11] [12] [13] . Although some NLR sensors, such as NLRP3, require up-regulation through a "signal 1," such as LPS/NF-kB signaling [14] , NLRP1 activation by LT and induction of pyroptosis does not require signal 1 [15, 16] .
Although the inflammasomes have been shown to have an important role in defense against pathogens and infection (reviewed in [9] ), they have also been implicated in inflammatory and autoimmune disorders, including colitis, type I diabetes, multiple sclerosis, vitiligo, and atherosclerosis (reviewed in [17, 18] ). For this reason, targeting the inflammasomes may be an effective means of controlling these and similar disorders.
SFN is an isothiocyanate found in broccoli sprout extracts [19] . Isothiocyanates, such as SFN, are known to react with sulfhydryl groups and thus modify proteins at cysteine residues. SFN has been studied for its antioxidant, apoptosisinducing, and anti-inflammatory effects (reviewed in [20, 21] ). It has been suggested to have cytoprotective roles in cardiovascular, neurologic, and other diseases (reviewed in [21] ) as well as potential for cancer prevention or treatment [20, 22] . To better understand the underlying mechanism responsible for these effects, SFN has been extensively studied for its role in inducing the Nrf2/ARE antioxidant pathway [23] . SFN stabilizes and activates the Nrf2 transcription factor by reacting with cysteine residues of its repressor, Keap1 [24] . Keap1 facilitates proteasomal degradation of Nrf2 under normal cellular conditions, and its cysteine residues act as sensors for oxidative stress [25, 26] . Nrf2 activation by SFN induces expression of antioxidant and detoxification genes, such as glutathione S-transferase, heme oxygenase (decycling) 1, NAD(P)H, quinone oxidoreductase, and UDP glucuronosyltransferase [27] . Nrf2-independent effects of SFN, such as induction of cell cycle arrest and apoptosis, and inhibition of angiogenesis, histone deacetylases, and cytochrome P450 may also contribute to its cytoprotective and cancer chemopreventive abilities (reviewed in [20] ). Additionally, evidence suggests SFN may react directly with other cellular targets, such as TLR4 [28] and tubulin [29] .
In the current study, we discovered a novel, previously unknown, cytoprotective and anti-inflammatory role for SFN. We found that SFN inhibits multiple inflammasomes in an Nrf2-independent manner. This discovery may lead to a better understanding of the mechanisms by which SFN protects against inflammatory diseases.
MATERIALS AND METHODS

Reagents and toxins
SFN and erucin were purchased from Cayman Chemical (Ann Arbor, MI, USA). Cycloheximide, actinomycin D, NAC, buthionine sulfoximine, butylated hydroxyanisole, melatonin, propidium iodide, ATP, PEITC, and thiazolyl blue tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Nigericin, lactacystin, Boc-D-CMK, trolox, and ultrapure LPS were purchased from Calbiochem (San Diego, CA, USA). Poly(dA:dT) was purchased from InvivoGen (San Diego, CA, USA). TurboFect was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Active recombinant murine caspase-1 was purchased from MBL International Corporation (Woburn, MA, USA).
B. anthracis spore preparation B. anthracis spores were prepared from the nonencapsulated, toxigenic strain Ames 35 [30] grown on sporulation agar at 37°C for 1 d, then 5 d at 30°C, and inspected by microscopy for .95% sporulation. Spores were purified by 4 rounds of centrifugation and sterile water washes, followed by 2 treatments at 70°C for 30 min to kill remaining vegetative bacteria. Spore quantification was performed using a Petroff Hausser bacterial counting chamber (Hausser Scientific, Horsham, PA, USA), and CFUs were verified.
Antibodies
Anti-MEK1 NT (44492) was purchased from Calbiochem, anti-MEK3 NT (sc-959) and anti-caspase-1 p10 (sc-514) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and anti-IL-1b (AF-401-NA) was purchased from R&D Systems (Minneapolis, MN, USA). The secondary antibody, infrared dye 800CW-conjugated anti-rabbit IgG (926-32211), was purchased from LI-COR Biosciences (Lincoln, NE, USA), and infrared dye 800CW-conjugated anti-goat IgG (605-731-125) was purchased from Rockland Immunochemicals (Gilbertsville, PA, USA).
Anthrax LT is made of 2 proteins: a receptor-binding component PA and a protease LF. PA and LF were purified from B. anthracis, as previously described [31] . Concentrations of LT describe the concentrations of each toxin component (i.e., 1 mg/ml LT is 1 mg/ml LF and 1 mg/ml PA). LFn-Fla is a fusion protein of LFn, the PA-binding moiety of LF (aa 1-254), to full-length flagellin from Legionella pneumophila (a gift from Dr. Russel Vance, University of California at Berkeley, Berkeley, CA, USA) [32] . PA delivers LFn-Fla into cells. FlaTox is a mixture of LFn-Fla and PA at a mass ratio of 1:2. Concentrations of FlaTox refer to the concentrations of LFn-Fla (i.e., 1 mg/ml FlaTox is 1 mg/ml LFn-Fla and 2 mg/ml PA). LF protease inhibitor (Hawaii Biotech PT-168541-1) was a kind gift from Alan Johnson (Hawaii Biotech, Honolulu, HI, USA). FP59 is a fusion protein of LFn to the Pseudomonas aeruginosa exotoxin A catalytic domain [31] . This chimeric toxin is transported to the cytosol by PA and ADP-ribosylates elongation factor 2, inhibiting protein synthesis.
Animals
All animal studies were performed in accordance with U.S. National Institutes of Health and Animal Welfare Act guidelines and protocols LPD8E and LPD9E, approved by the Animal Care and Use Committee of the U.S. National Institute of Allergy and Infectious Disease, U.S. National Institutes of Health. C57BL/6J, Balb/cJ and Nrf2 2/2 mice (on the C57BL/6 background) were purchased from Jackson laboratories (Bar Harbor, ME, USA).
Cell culture
Murine RAW264.7 macrophage and L929 fibroblast cells were cultured in DMEM supplemented with 10% FBS, 20 mM HEPES, and 100 mg/ml gentamicin (all purchased from Life Technologies, Grand Island, NY, USA). Mouse primary bone marrow cells were cultured in DMEM complete (as above) supplemented with 50% L929 supernatant for 7-10 d to allow for differentiation into BMDMs. All cells were cultured at 37°C and 5% CO 2 .
Cell viability assays RAW264.7 or Balb/cJ BMDM cells were plated in 96-well plates and grown to 90% confluence, then treated with various drugs (doses and timing described in figure legends) or vehicle (#0.36% vol/vol ethanol). Unless otherwise stated, drugs and SFN were not washed off before treatment with LT (1 mg/ml) or media for 2 h. Cell viability was assessed by MTT staining, as previously described [33] . For assays that included trolox or NAC treatment, the following changes were made: DMEM complete without phenol red was used, and cells were treated with propidium iodide (5 mM) for 15 min to assess cell death. Emission at 615 nm was measured using a Victor 3 plate reader (PerkinElmer, Waltham, MA, USA).
MEK, caspase-1, and IL-1b cleavage
Balb/cJ, C57BL/6, or Nrf2 2/2 BMDM cells were treated with LPS (1 mg/ml) for 2 h, followed by various drugs (doses and timing described in figure legends) or a vehicle. Vehicle for all studies described in this work was 0.089% ethanol, unless otherwise indicated. LPS, drugs, and SFN were not washed off unless otherwise stated. Inflammasome activators were then added (LT, FlaTox, nigericin, ATP) or transfected [poly(dA:dT)] at indicated doses and timing. Cells were lysed with radioimmunoprecipitation assay buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS in 13 PBS) containing protease inhibitors, including LF protease inhibitor (PT-168541-1), and Western blotting was performed as previously described [33] .
In vitro caspase-1 assay
In vitro caspase-1 activity assays were performed as previously described [34] . Briefly, Balb/cJ BMDMs were treated with LPS (1 mg/ml) for 2 h to up-regulate pro-IL-1b expression. Cells were treated with SFN (50 mM) or vehicle for 30 min. Sucrose buffer (250 mM sucrose, 10 mM HEPES pH 7.4) lysates were prepared. SFN (6.25-50 mM), caspase-1 inhibitor Boc-D-CMK (400 mM), or the vehicle was added to lysates that were not pretreated with SFN. Active recombinant mouse caspase-1 (1 U) was added to 50 ml of cell lysate and was incubated for 3 h at 37°C. Caspase-1 activity was evaluated by assessing cleavage of pro-IL-1b by Western blot as previously described [33] .
Evaluation of caspase-1 sequestration in a high molecular mass complex Balb/cJ BMDMs were treated with SFN (50 mM) or vehicle. SFN-treated cells were incubated at 37°C and untreated cells were incubated at 37°C or 42°C for 1 h. Sucrose lysates were prepared (as described above) and centrifuged at 15,000 g for 10 min. Cytosolic (supernatant) and membranous (pellet) fractions were analyzed for caspase-1 by Western blotting, as previously described [33] .
In vivo peritonitis model
A peritoneal model of MSU crystal-induced acute gout was performed [35] . MSU crystals were prepared by crystallization of uric acid as previously described [36] . C57BL/6J mice were injected i.p. with SFN (25 mg/kg SFN) or with vehicle (2.4% vol/vol ethanol in PBS) 5 min before injection of MSU crystals (4 mg in 250 ml PBS, i.p.), or vehicle, as described in the figure legends. At 4 h, mice were again treated with SFN or vehicle. At 6 h post-MSU treatment, mice were euthanized, and a peritoneal lavage was performed (6 ml/mouse). After erythrocyte lysis using ACK buffer (Life Technologies), cells recruited to the peritoneum were counted. IL-1b secretion in peritoneal lavage fluids was measured by ELISA (R&D Systems).
B. anthracis spore challenge 
Statistical analysis
Statistical analysis was performed with either a Student's t test or 1-way ANOVA with a Bonferroni correction using GraphPad Prism software (version 6.0; GraphPad Software, La Jolla, CA, USA).
RESULTS
SFN and related isothiocyanates protect RAW264.7 cells and primary BMDMs from LT-induced pyroptosis
LT activates the NLRP1b inflammasome in a signal 1-independent manner [15, 16] in macrophages from certain inbred mouse strains, such as Balb/cJ and the Balb/cJ-derived RAW264.7 cell line [15, 37] by cleaving the N terminus of this sensor [2, 3] . This activation results in a rapid toxin-induced lysis of macrophages (pyroptosis), quantifiable by assessment of mitochondrial activity [15, 38, 39] , which can be used as an assay to screen for inhibitors of inflammasome activation that lead to protection from cell death. SFN treatment was found to inhibit LT-induced pyroptosis over a range of concentrations (50-200 mM) in both RAW264.7 and primary BMDM cells (Fig. 1A) . Other isothiocyanates, including erucin [1-isothiocyanato-4-(methylthio)-butane] and PEITC also inhibited LT-induced pyroptosis, although with less potency, achieving complete protection at 125 mM ( Fig. 1B and C).
SFN does not inhibit LF translocation or protease activity
Because SFN protected against LT-induced pyroptosis with the greatest potency, it was selected for further studies. SFN could be acting at any step in LT host-cell entry or LF protease activity, upstream of inflammasome activation. These steps include PA receptor binding, cleavage, and oligomerization, LF binding to the PA oligomer, endocytosis of LT, acidification of the endosome, PA pore formation, translocation of LF into the cytosol, and LF proteolytic cleavage of its cellular substrates ( [40] , as summarized in Fig. 1D ). Upon release into the cytosol, LF cleaves its cellular substrates: multiple MEKs [41, 42] and NLRP1 [2, 3] . Inhibition of LT-mediated cell death may result from either inhibition of the inflammasome or any of the steps upstream of inflammasome activation mentioned above (Fig. 1D ). To distinguish between these possibilities, LF entry into the cytosol and cleavage of its MEK substrates in the presence and absence of SFN were assayed. We tested for cleavage of MEK1, resulting in loss of an N-terminal epitope, and for cleavage of MEK3, by a change in mobility in SFN-and LT-treated Balb/cJ BMDMs [15, 33, 43] . SFN treatment was not found to inhibit LT cleavage of MEK1 or MEK3 (Fig. 1E) , demonstrating that LT translocates to the cytosol and cleaves its substrates with equal efficiency in the presence or absence of SFN. Thus, the drug inhibits the NLRP1 inflammasome and not LF translocation or protease activity.
SFN inhibits caspase-1 cleavage and IL-1b maturation for the NLRP1b, NLRP3, NAIP5/NLRC4, and AIM2 inflammasomes
To determine whether SFN-mediated inhibition of LT-induced pyroptosis was due to inhibition of inflammasome activation, we tested the effects of SFN on caspase-1 autoproteolytic activation and IL-1b cleavage. SFN has been reported to inhibit NF-kB signaling at doses ranging from 5 to 50 mM [44] [45] [46] . Inhibition of this transcription factor could affect pro-IL-1b or NLR levels. Therefore, to ensure observed effects of SFN treatment were due to the inhibition of inflammasome activation and not to priming, BMDMs were treated with the TLR4 agonist LPS for 2 h to up-regulate expression of inflammasome components and pro-IL-1b before treatment with SFN. Cells were then treated with SFN followed by LT (an NLRP1b agonist), nigericin or ATP (NLRP3 agonists), or FlaTox (a NAIP/NLRC4 agonist). For activation of the AIM2 inflammasome, cells were transfected with poly(dA:dT) using doses of a cationic polymer transfection agent that would not activate the NLRP3 inflammasome through induction of general ion fluxes (Fig. 2E) . IL-1b and caspase-1 maturation in cell lysates, supernatants, or both, prepared at various times, was assessed by Western blot. SFN was found to inhibit caspase-1 and IL-1b processing following activation of each tested inflammasome sensor (Fig. 2 ). This suggests that SFN inhibits the 4 inflammasomes through a common mechanism that is not inflammasome receptor-specific. Inhibition of the NLRP1 inflammasome, which does not require induction through a priming signal and functions in an NF-kBindependent manner, also supports the hypothesis that SFN acts at a step downstream of inflammasome priming. Furthermore, SFN inhibited NLRP1b-dependent pyroptosis and IL-1b processing in RAW264.7 cells (Fig. 1A and data not shown). These cells are deficient in the common inflammasome adaptor, ASC [47] . Thus, SFN also acts in an ASC-independent manner.
SFN does not inhibit caspase-1 enzymatic activity
SFN is known to directly modify cellular targets at cysteine residues. Because caspase-1 is a cysteine protease, we hypothesized that SFN may directly inhibit caspase-1 activity. Sucrose lysates, prepared from cells in which pro-IL-1b was up-regulated, were treated with SFN over a range of concentrations. SFN was added to cell lysates at concentrations ranging from 6.25 to 50 mM and up to 2500-fold molar excess over recombinant caspase-1. The amount of SFN added to the lysates was expected to greatly exceed the amount that was able to enter cells in previous experiments. Active recombinant caspase-1 was added to the lysates, and IL-1b cleavage was assessed as a measure of caspase-1 activity. Boc-D-CMK, a caspase-1 inhibitor, was used as a positive control for caspase-1 inhibition. SFN addition to the lysates did not inhibit IL-1b processing, demonstrating that SFN cannot directly inhibit the protease activity of caspase-1 under these conditions (Fig. 3A) . Next, it was hypothesized that SFN induces a cellular state that is inhibitory to active caspase-1. This could include modification, up-regulation, or degradation of a cellular protein that can directly modulate caspase-1 activity. To test this hypothesis, BMDMs were treated with LPS to up-regulate pro-IL-1b, with or without SFN, before preparing cell lysates. Active recombinant caspase-1 was added to lysates, and IL-1b cleavage was assessed. IL-1b processing was not inhibited when cells were pretreated with SFN, indicating that SFN does not induce a cellular state or protein that inhibits caspase-1 enzymatic activity (Fig. 3B) . Neither pretreatment of cells with SFN nor addition of the drug to cell lysates could inhibit IL-1b processing, which suggests that SFN has no effect on the cysteine residues involved in caspase-1 activity. However, SFN may bind directly to other cysteine residues in procaspase-1 to affect its activation in cells.
SFN does not lead to sequestration of caspase-1 into large, membrane-bound protein complexes
Heat shock induces procaspase-1 sequestration into large, membrane-bound protein complexes, which prevent its activation [43] , and SFN induces a heat shock-like response [48] . Thus, we hypothesized that SFN may induce procaspase-1 sequestration, preventing its activation through a heat shock-like mechanism. We found that although heat shocking BMDMs for 1 h at 42°C caused caspase-1 to be detected largely in the membranous fraction of cell lysates, treatment with SFN did not, demonstrating that SFN does not inhibit the inflammasomes through a heat shock-like mechanism (Fig. 3C) .
SFN does not require proteasomal breakdown of specific proteins or de novo protein synthesis for inflammasome inhibition SFN treatment at low concentrations and activation of the Nrf2 pathway has been reported to up-regulate proteasome expression [49] [50] [51] . We investigated whether protein degradation by the proteasome or de novo protein synthesis was required for SFNmediated inflammasome inhibition. Unlike NLRP3 and NAIP5/ NLRC4 inflammasomes, activation of the NLRP1b inflammasome requires proteasome degradation activity [15, 16, 52 ]. Therefore, we tested the effect of the proteasome inhibitor lactacystin on SFN-mediated inhibition of the NLRC4 inflammasome. Lactacystin did not reverse SFN-mediated inhibition of FlaTox-induced IL-1b processing by the NLRC4 inflammasome (Fig. 4A) .
SFN manifests many of its effects through activation of the Nrf2 transcription factor and by up-regulating antioxidant and detoxification proteins [53] . Cycloheximide, an inhibitor of Figure 2 . SFN inhibits caspase-1 and IL-1b cleavage downstream of multiple inflammasome receptors. Balb/cJ primary BMDMs were primed with LPS (1 mg/ml) for 2 h then incubated with or without SFN (A-D, 50 mM; E, 25 mM) for 30 min, followed with or without LT (A; 1 mg/ml) for 30, 60, or 75 min; FlaTox (B; 1 mg/ml) for 60 or 90 min; nigericin (C; 50 mM); ATP (D; 5 mM) for 30 or 60 min; or poly(dA:dT) (E; 1 or 2 mg/ml) with TurboFect transfection agent (0.2 or 0.4% vol/vol) or TurboFect alone for 6 h. Cell lysates (lys) and supernatants (sup) were analyzed for caspase-1 and IL-1b cleavage by Western blot. Data are representative of 2 or more independent experiments. X-reactive band is a nonspecific, cross-reactive band to demonstrate equal protein loading. protein translation, did not reverse protection by SFN against LT-induced pyroptosis (Fig. 4B) or rescue LT-induced IL-1b processing in SFN-treated BMDMs (Fig. 4C) . Similarly, FP59, a potent enzymatic inhibitor of protein translation, did not reverse SFN-mediated protection against pyroptosis (Fig. 4D) . Furthermore, actinomycin D, a transcription inhibitor, did not reverse the protective effects of SFN on LT-induced pyroptosis (Fig. 4E) . Collectively, these data indicate that neither proteasome-dependent proteolysis nor de novo protein synthesis is required for SFN-mediated inhibition of the inflammasomes.
SFN-mediated inhibition of the inflammasomes is not affected by ROS modulation
Because SFN is known to have an important role in the antioxidant response, it was hypothesized that SFN-mediated inhibition of the inflammasomes may be affected by modulation of ROS. Several studies have suggested that SFN modifies cellular activities in an ROS-dependent manner and that NAC, a ROS scavenger, can reverse SFN-mediated effects [54] [55] [56] [57] . We found that treatment with NAc-cys also reversed the protective effects of SFN on LT-induced pyroptosis in a dose-dependent manner (Fig. 5A, upper panel) and partially reversed SFNmediated inhibition of LT-induced IL-1b processing in BMDMs (Fig. 5A, lower panel) . Although NAc-cys is often used to implicate ROS in isothiocyanate-mediated actions [54] [55] [56] [57] , the NAC sulfhydryl can react directly with isothiocyanates to form NAC-isothiocyanate thiocarbamates [58] and inhibit their cellular uptake [59] . Thus, direct modification of SFN by NAC may alter its protective abilities. In support of this hypothesis, when NAC was washed off cells before treatment with SFN, protection against LT-induced pyroptosis was restored (Fig. 5B,  upper panel) . Washing NAC off cells before SFN treatment also partially restored inhibition of LT-induced IL-1b processing (Fig. 5B, lower panel) . This partial effect may be due to residual amounts of NAC inhibiting cellular uptake of SFN or decreased activity of the NAC-SFN thiocarbamate. Furthermore, ROS scavengers trolox, butylated hydroxyanisole, and melatonin were unable to reverse the protective effects of SFN against LT-induced pyroptosis ( Fig. 5C-E) , suggesting that generation of ROS is not the basis for SFN-mediated inhibition of the inflammasomes. Buthionine sulfoximine, a glutathione inhibitor, also did not affect SFN-mediated inhibition of LT-induced pyroptosis (Fig. 5F ), demonstrating that SFN induction of glutathione S-transferase and glutathione reductase [27] is not involved in the SFN effects on the inflammasomes. Together, these data demonstrate that ROS modulation does not affect the ability of SFN to inhibit the inflammasomes.
SFN inhibits the NLRP3 inflammasome in an Nrf2-independent manner
SFN is best-studied for its role in inducing the Nrf2/ARE antioxidant pathway [23] . However, SFN-mediated inhibition of the NLRP1 inflammasome does not require de novo protein synthesis and is unaffected by ROS modulation. Together, these data suggest that Nrf2 is not important in SFN-mediated inhibition of the inflammasomes. To confirm this, Nrf2 2/2 and wild-type BMDMs were treated with SFN, and then, with nigericin or FlaTox to activate the NLRP3 and NRLC4 inflammasomes, respectively. SFN-mediated inhibition of NLRP3-and NLRC4-dependent IL-1b processing and secretion was not reversed in Nrf2 2/2 BMDMs (Fig. 6) , demonstrating that SFN inhibits the inflammasome in an Nrf2-independent manner.
SFN inhibits the inflammasome in an in vivo peritonitis model
To determine whether SFN can inhibit the inflammasome in an NLRP3-dependent peritoneal model of acute gout, cell recruitment induced by MSU crystals was compared in SFNtreated and untreated mice. MSU injection induced a robust recruitment of cells to the peritoneum, and this effect was significantly reduced in SFN-treated mice (Fig. 7A) . Furthermore, MSU crystal induction of IL-1b was significantly reduced in SFN-treated animals (Fig. 7B ). These data demonstrate that SFN can inhibit the NLRP3 inflammasome in a peritonitis model of acute gout. SFN reverses NLRP1b-mediated Balb/cJ resistance to B. anthracis spore challenge
NLRP1b and macrophage sensitivity to LT control mouse resistance to B. anthracis spore infection [60] . Inbred mouse strains harboring the Nlrp1b S/S allele, such as Balb/cJ, have LT-sensitive macrophages and are highly resistant to B. anthracis infection, whereas strains harboring the Nlrp1b R/R allele, such as C57BL/6J, which have LT-resistant macrophages, are susceptible [60] . Similarly, congenic C57BL/6JNTac mice, which are genetically identical at .99% of loci but harbor different Nlrp1 alleles, have different susceptibilities to B. anthracis, which are inversely correlated to their macrophage sensitivity [60] . Resistance to infection is NLRP1b-, caspase-1-, and IL-1b-mediated [60] . We found that SFN can inhibit the NLRP1b inflammasome in vivo and reverse Balb/cJ and C57BL/6JNTac-Nlrp1b S/S resistance to B. anthracis, resulting in animals succumbing to infection with the same dose and timing as B. anthracissusceptible C57BL/6J and C57BL/6JNTac-Nlrp1b R/R mice ( Fig.  7C and D) .
DISCUSSION
SFN is a compound found in broccoli extracts and other cruciferous vegetables and is widely available as a dietary supplement. Its safety and lack of toxicity have been demonstrated [61] . Several clinical trials demonstrating the potential for SFN, its precursor glucoraphanin, or broccoli sprouts as a dietary supplement to ameliorate a variety of inflammationbased disorders, such as asthma and other respiratory conditions, have been completed or are currently underway. Although most effects have been attributed to activation of the Nrf2 transcription factor and the ARE antioxidant pathway (reviewed in [53] ), its Nrf2-independent effects may have a previously overlooked role in many inflammatory responses.
In this study, we have shown that SFN inhibits the NLRP1b, NLRP3, NAIP/NLRC4, and AIM2 inflammasomes independent of Nrf2 and de novo protein synthesis. This inhibition occurs downstream of inflammasome priming and sensing and results in inhibition of caspase-1 activation, IL-1b processing and secretion, and macrophage pyroptosis. Although SFN inhibits multiple inflammasomes, we found that it does not directly inhibit caspase-1 activity or induce a cellular state inhibitory to this activity. The possibility remains that SFN may directly modify a cofactor responsible for procaspase-1 activation. One possible cofactor is the inflammasome adaptor ASC [1] . However, our studies also eliminated a role for ASC because this protein is dispensable for IL-1b maturation and pyroptosis downstream of the NLRP1b and NLRC4 inflammasomes [62] [63] [64] . SFN can inhibit NLRP1b-dependent pyroptosis and IL-1b maturation and secretion in ASCdeficient RAW264.7 cells [47] . Although SFN is known to induce a heat shock-like response [48] and it has been shown that thermal heat shock induces sequestration of procaspase-1 into large, membrane-bound protein complexes inhibitory to inflammasome activation [43] , the heat shocklike response induced by SFN is not the basis for inflammasome inhibition.
Other possible mechanisms underlying SFN inhibition of the inflammasomes were also considered. SFN and other isothiocyanates have been shown to directly modify tubulin and alter microtubule function [29] . Microtubule dynamics have been shown to be essential for NLRP3 inflammasome activation [65] . Nevertheless, it is unlikely that SFN inhibits the inflammasomes by tubulin modification because microtubule dynamics are not required for activation of the NLRC4 or AIM2 inflammasomes [65] .
We currently hypothesize that SFN acts at a step in inflammasome activation shared among the 4 different inflammasome pathways, downstream of sensing, but upstream of caspase-1 autoproteolytic activation. This step likely involves unidentified essential cofactors required for caspase-1 recruitment or conformational changes at the inflammasome platform. Alternatively, SFN may directly modify procaspase-1 before its transition to an SFN-resistant active conformation. Identifying the mechanism by which SFN inhibits inflammasomes requires further study. Proteomic approaches, such as 2-dimensional gel electrophoresis and mass spectrometry, may be used to identify candidate inflammasome cofactors or components, including procaspase-1, whose modification by SFN may lead to inflammasome inhibition.
SFN-mediated inhibition of the inflammasomes may be partially responsible for the many anti-inflammatory effects described in the literature for this compound. For example, SFN has been shown to control Helicobacter pylori colonization and IL-1b expression in both preclinical mouse models and clinical trials for gastric cancer [66] [67] [68] . Although the effect was attributed to Nrf2 in the mouse model [66] , caspase-1 processing of IL-1b has been demonstrated to be a double-edged sword, important for control of H. pylori infection but also contributing to gastritis and gastric preneoplasia [69] . Thus, it is possible that an Nrf2-independent, inflammasome-dependent mechanism contributes to SFN-mediated prevention of H. pylori-associated gastric cancer. SFN may also affect metabolic syndromes through its inhibition of the inflammasome. IL-1b has been identified as a risk factor for type II diabetes [70] , and NLRP3 activation by amyloid crystals has been suggested as a mechanism for increased IL-1b in patients with type II diabetes [71] . Consuming 10 g/d broccoli sprout powder was found to significantly lower blood insulin levels in patients with type II diabetes compared with those who received placebo [72] . Similarly, SFN-mediated mitigation of the allergic response could be linked to its effects on the inflammasome. In a human nasal allergic-response model, consumption of 100 mM/d SFN in broccoli sprout extracts for 4 d before nasal exposure to diesel exhaust particles led to a significant decrease in white blood cells found in participant nasal-lavage fluid [73] . In a mouse model, diesel exhaust particleinduced lung inflammation has been shown to be a caspase-1-independent, IL-1b-dependent event, accompanied by IL-18 secretion [74] . Furthermore, in an ovalbumin-induced model of acute allergic airway inflammation, IL-1b and NLRP3 were shown to be important for eosinophil infiltration, lung tissue inflammation, and a Th2 cytokine response [75] .
Interestingly, SFN has been studied for applications in cancer chemoprevention [22, 76, 77] and interception [78] . It has already been approved and used in multiple anticancer phase I and II clinical trials [both as an enriched component of broccoli sprout extracts and in the synthetic stabilized form, Sulforadex (Evgen Pharma, Liverpool, United Kingdom)] for breast cancer, prostate cancer, and acute lymphoblastic leukemia. This makes it a promising candidate for future studies in animal models and clinical trials for treatment of inflammatory disorders. It is now understood that there is a link between inflammation and the proinflammatory cytokines IL-18 and IL-1 and some cancers [79, 80] . It is possible that the chemopreventive success of SFN is linked to its anti-inflammatory effects, including inflammasome inhibition. Sulforadex has also had success in animal models of osteoarthritis and COPD and will be used in clinical trials for treatment of those diseases. Because an inflammasome has been implicated in these diseases, it is again possible that SFN inhibition of inflammatory cytokine responses has an important role in its effectiveness as a therapeutic.
Our findings demonstrate that SFN inhibits multiple inflammasomes in vitro and in vivo by a novel mechanism, independent of inflammasome priming and Nrf2 signaling. This suggests that inflammasome-mediated diseases like inflammatory bowel disease, gouty arthritis, type I and type II diabetes, atherosclerosis, and some autoimmune disorders [17, 18] may be potential targets for SFN treatment; furthermore, SFN inhibition of inflammasomes may contribute to its effects on previously described diseases. Future studies may reveal the mechanism by which SFN inhibits inflammasomes, and animal Figure 6 . SFN inhibits the NLRP3 and NAIP5/NLRC4 inflammasomes in an Nrf2-independent manner. Nrf2 2/2 or wild-type C57BL/6J BMDMs were treated with LPS (1 mg/ml) for 2 h, then with or without SFN (50 mM) for 30 min, followed with or without nigericin (A; 50 mM) for 30 or 60 min or FlaTox (B; 1 mg/ml) for 60 or 90 min. Cell lysates were prepared and IL-1b processing was assessed by Western blotting of cell lysates (lys) and supernatants (sup). Cross-reactive is a nonspecific crossreactive band to demonstrate equal protein loading. Vehicle + MSU, n = 9; MSU + SFN, n = 9; SFN, n = 7; vehicle, n = 4. ***P , 0.001 and ****P , 0.0001. The differences seen between SFNtreated and vehicle-treated groups were not significant (P = 0.067). (C) B. anthracis-resistant Balb/cJ mice (n = 5/group) were injected with 32 mg/kg SFN or the vehicle (i.p.) at 2 h before infection and subcutaneously at the time of challenge at a site distal to spores. All mice were challenged with 2 3 10 7 spores (s.c.). Anthrax-susceptible C57BL/6J mice (n = 5) were challenged as controls. (D) B. anthracis-resistant C57BL/6JNTac-Nlrp1b S/S mice were injected with 30 mg/kg SFN or vehicle (i.p.) at 2 h before the infection, and s.c. at the time of the challenge at a site distal to the spores. All mice were challenged with 5 3 10 7 spores (s.c.). Anthrax-susceptible C57BL/6J and C57BL/6JNTac-Nlrp1b R/R mice were challenged as controls. C57BL/ 6NTac-Nlrp1b S/S + vehicle, n = 5; C57BL/6NTac-Nlrp1b S/S + SFN, n = 7; C57BL/6NTac-Nlrp1b R/R + vehicle, n = 7; C57BL/6 + vehicle, n = 5. 
